We show that photon wave packets can be manipulated and reshaped in various ways by a quantum junction comprising a set of three-level atoms coupling two waveguides. We consider atomic nodes with the Λ-scheme of allowed optical transitions, one of which is driven by an external classical control field. Addressing the dynamics of wave packets in such a system, we demonstrate that a photon pulse can be either stored partially in the junction, delayed by a controlled time, split in several parts, or routed into one of the selected output channels. We argue, therefore, that our proposed design is a promising prototype of a multipurpose quantum junction.
information storage element. Below we report on a prototype of such a multipurpose device, which is a quantum junction comprising three-level atoms coupling two waveguides. Our prototype device can be used for the different operations of the network only by changing the external classical control field.
The prototype device comprises two waveguides which are symmetrically coupled by a set of N a sequential three-level systems. The a and b waveguides are modeled as onedimensional arrays of nodes described by the bosonic operators a † n and b † n , which create a photon with the energy ω 0 at the n-th node of the corresponding waveguide. The nodes are coupled by the constant nearest-neighbor interaction ξ. For simplicity, we consider identical waveguides and three-level systems. We assume also that the latter have the Λ-type level scheme, comprising the ground state |g j , the excited |e j , and the third state |s j (where j labels the atom j = 1 . . . N a ). The energies of these atomic states are E g , E e , and E s , respectively. The dipole-allowed transitions |g j ↔ |e j are coupled to the modes a † j and b † j of the neighbouring nodes with the coupling constant g. The other allowed transitions |s j ↔ |e j are driven by the external classical control field with the frequency ω c and the (real) Rabi frequency Ω. Transitions |g j ↔ |s j are dipole forbidden.
Within the rotating frame approximation and in the rotating frame with respect to
the Hamiltonian of the system reads as
where ∆ e = E e − E g − ω 0 and ∆ s = E e − E s − ω c are the detunings of the photon energies from the two allowed transition energies. Hereafter, we consider the resonant case ∆ e = ∆ s = 0, the coupling constant ξ as the energy unit, and = 1. Each standalone waveguide supports plane wave modes with the dispersion relation E(k) = −2 cos k, where the dimensionless wave vector k ∈ [0, π] (the center of the band corresponds to the photon energy ω 0 ).
To study the dynamics of a wave packet defined as |Ψ = n α n a † n |g n , 0 + β n b † n |g n , 0 + j u j |e j , 0 +v j |s j , 0 , with |0 being the vacuum state of the waveguides, we use the timedependent Schrödinger equation with the Hamiltonian (1) written for the amplitudes α n , β n , u j , and v j :α We also introduce integrated densities of probability to find the wave packet in different waveguide channels and at the quantum junction:
We solve the system (2) numerically using the following normalised Gaussian wave packet as the initial condition:
where σ, k 0 > 0, and n 0 are the width, the wave vector, and the initial position of the center of the wave packet, respectively. The wave packet is initially propagating from left to right in the A L channel. We always choose n 0 in such a way that the amplitude of the wave packet at the connected region C is negligible at t = 0, typically
Hereafter, we consider the system with N = 1000, N a = 12, and g = 0.5. Such a system with 12 atoms has been studied recently in Ref. [29] where it was demonstrated that it has promising scattering properties in the stationary regime for certain sets of parameters. In this paper, we study the dynamics of wave packets for the most relevant parameter sets.
First, we address the delay and storage properties of the quantum junction. To demonstrate these, we simulate the propagation of the wave packet (4) with σ = 100 and k 0 = π/2 (the wave packet is centered at the center of the waveguide energy band). Figure 1 (a) suggests also that two secondary pulses start propagating in the output channels after some delay. These pulses are broadened with respect to the ones.
To get insight in the mechanism of the secondary pulse formation we plot in the middle column of Fig. 1 [panels (c) and (d)] the spatio-temporal maps of the probability densities |u j | 2 and |v j | 2 at the atomic states |e j and |s j . The two maps show that the incident pulse is forming the secondary one, which is propagating over the atomic states |s j (the latter are coupled to the excited states |e j by the classical field Ω). While this secondary pulse is propagating in the junction, it has a considerably smaller group velocity than both the incident and the scattered pulses in the input/output channels. Panels (c) and (d) show also that this smaller group velocity depends on the control field Ω: the velocity decreases with the field. When the secondary pulse reaches the right extreme of the junction it scatters into the two output channels, forming two almost identical broadened secondary pulses which continue to propagate freely in A R and B R channels alongside with the primary pulses.
Because of the aforementioned difference in the group velocities, the secondary pulses are delayed with respect to the primary ones. This delay can be controlled by the classical field Ω.
Note also that when the incident pulse has already passed the junction and scattered into the output channels, the secondary pulse can still be propagating in the junction over its atomic states |s j . If the control field Ω is switched off at such a moment, the secondary pulse can be "frozen" or stored in the atomic states |s j because they would be completely decoupled from the states |e j and the rest of the system. Within our idealized model, which neglects dissipation completely, such storage has an unlimited time. The stored part of the wave function preserves its amplitudes at the atomic states and relative phases. Then, if the external field is switched back on, the stored pulse would be "released" and continue its propagation, which suggests a mechanism of the pulse storage and/or delay control [30] .
To give a quantitative insight of the delay effect, we plot the integrated density probabilities in the wave channels P AL , P AR , P BL , P BR and the quantum junction P C [defined in Eqs. (3)] in the right column of the Fig. 1 . Figure 1 (e) shows that after an initial increase of P C , it remains constants for a short time and then decays. After such decay, the primary and secondary pulses propagate simultaneously in the output channels, as evidenced by the ladder-like profile of the P AR and P BR curves in Fig. 1(e) . Figure 1 Second, we investigate the system in the regime of the controlled routing. To this end we show that a wave packet incoming from the left input channel A L can be routed into one of the two right output channels A R or B R , which can be selected by the control field Ω. We start with inspecting the stationary spectra (see Ref. [29] for details of the calculation of these spectra) of the transmission into the two right channels T AR and T BR for two different values of the control field. Such spectra are presented in panels (a) and (b) of Fig. 2 for Finally, we address the system in the wave packet "splitting" regime. As was demonstrated recently [29] , the stationary transmission and reflection spectra of the considered The splitting property can be useful for the implementation of a quantum random number generator [31, 32] in the single-photon regime: each exclusive photon detection in either of the four channels would give a two-bit random number.
To get insight in the mechanism of the routing and splitting regimes, we plot in the Fig. 3 the map of the probability densities |u j | 2 and |v j | 2 at the atomic states. In the routing regime, the map of the Fig. 3(a) shows clearly that only the states of the first (leftmost) atom are populated during the scattering, thus, the whole junction acts as a point scattering defect and therefore the scattering is "symmetric": the amplitude of such scattering into all the four channels is the same. This finding confirms our earlier result [29] obtained for the stationary case: in this regime, the junctions acts as a quantum mechanical barrier. The amplitude of the wavefunction at the atomic states decays exponentially and it is already negligible at the second atom. Thus, the whole extended junction is acting as if it was a point defect. By way of comparison, Fig. 3 (b) shows the probability density populating all the atoms in the junction for the routing regime. In contrast to Fig. 3 (a) , the states of all of the atoms contributes to the dynamics. In both cases, the splitting and routing regimes, there are neither trapping nor delay effects.
In conclusion, we studied the dynamics of photonic wave packets in the simplest network section with a quantum junction. We demonstrated that propagating optical pulses can be manipulated by the junction in a controlled way. In particular, an incident pulse can be split into several parts, some of which can be delayed by a desired amount of time determined by the external field. The pulse can also be partially stored in the junction or routed towards a selected output channel. We remark that the same physical device performs all these tasks with high efficiency, whose mode of operation is determined by the external classical electromagnetic control field. The latter is yet another advantage
